Actinobacteria from the unique intertidal ecosystem of the mangroves are known to produce novel, bioactive secondary metabolites. A novel strain known as MUSC 136 T (=DSM 100712 T = MCCC 1K01246 T ) which was isolated from Malaysian mangrove forest soil has proven to be no exception. Assessed by a polyphasic approach, its taxonomy showed a range of phylogenetic and chemotaxonomic properties consistent with the genus of Streptomyces. Phylogenetically, highest similarity was to Streptomyces misionensis NBRC 13063 T (99.6%) along with two other strains (>98.9% sequence similarities). The DNA-DNA relatedness between MUSC 136 T and these type strains ranged from 22.7 ± 0.5% to 46.5 ± 0.2%. Overall, polyphasic approach studies indicated this strain represents a novel species, for which the name Streptomyces malaysiense sp. nov. is proposed. The potential bioactivities of this strain were explored by means of antioxidant and cytotoxic assays. Intriguingly,
. Natural compounds are fast gaining interest as a potential source of new cancer treatments; it may serve as an alternative to overcome some of the current problems faced including debilitating side effects caused by drugs lacking in specificity [3] [4] [5] [6] . Microorganisms are a prolific source of structurally diverse bioactive metabolites; some of which have been approved to be used as cancer chemotherapeutic agents 7, 8 . Among microbes, the genus Streptomyces has garnered much interest from the scientific community due to its unrivaled capacity for the production of bioactive metabolites 7 . The genus Streptomyces was initially proposed by Waksman and Henrici 9 in 1943; around the same time as the discovery of actinomycin from Actinomyces antibioticus (now Streptomyces antibioticus) 8 . Since the recognition of actinomycin D as an anticancer agent, many anticancer compounds have been isolated from Streptomyces species, including anthracyclines, bleomycin and mitosanes 7, 8 . In recent years, there has been increasing research investigating the biosynthetic potential of Streptomyces from underexplored areas, including mangrove forests [10] [11] [12] . The mangrove-derived microbial resources could potentially be an important source of compounds with pharmaceutical value, given that the changes in salinity Phylogenetic and genomic analyses. The nearly complete 16S rRNA gene sequence was obtained for strain MUSC 136 T (1489 bp; GenBank/EMBL/DDBJ accession number KJ632663) and phylogenetic trees were reconstructed to determine the phylogenetic position of this strain ( Fig. 2 & See Supplementary Fig. S1 ). Phylogenetic analysis revealed that strain MUSC 136
T is closely related to Streptomyces phaeoluteichromatogenes NRRL 5799 T (99.6% sequence similarity) and Streptomyces misionensis NBRC 13063 T (99.6%), as they formed a distinct clade (Fig. 2) . The 16S rRNA gene sequence analysis of strain MUSC 136
T showed the highest similarity to that of Streptomyces misionensis NBRC 13063 T (99.6%), followed by Streptomyces phaeoluteichromatogenes NRRL 5799 T (99.6%) and Streptomyces rutgersensis NBRC 12819 T (98.9%); sequences similarities of less than 98.9% were obtained with the type strains of other species of the genus Streptomyces. The DNA-DNA relatedness values between strain MUSC 136 T and Streptomyces misionensis NBRC 13063 T (46.5 ± 0.2%), S. phaeoluteichromatogenes DSM 41898 T (44.5 ± 0.4%) and Streptomyces rutgersensis NBRC 12819 T (22.7 ± 0.5%) were significantly below 70%, the threshold value for the delineation of bacterial species 19 .
The BOX-PCR results indicated that strain MUSC 136
T yielded a unique BOX-PCR fingerprint compared with the closely related type strains (See Supplementary Fig. S2 ). These results are in agreement with results of DNA-DNA hybridizations, which indicate that strain MUSC 136
T represents a novel species. Supplementary Fig. S3b ) was found to contain phosphatidylglycerol, lipids that were not detected in MUSC 136
T (See Supplementary Fig. S3a ). The cell wall of strain MUSC 136
T is of cell-wall type I as it contains LL-diaminopimelic 20 . The presence of LL-diaminopimelic has been observed in many other species of the genus Streptomyces [15] [16] [17] . The predominant menaquinones of strain MUSC 136
T were identified as MK-9(H 8 ) (57%) and MK-9(H 6 ) (20%). The detection of these predominant menaquinones is in agreement with report of Kim et al. 21 . The cell wall sugars detected were glucose and ribose. The G+ C content of strain MUSC 136
T was determined to be 72.3 mol%; which is within the range of 67.0-78.0 mol% described for species of the genus Streptomyces 22 .
Antioxidant activity of MUSC 136 T extract. The results show that MUSC 136
T extract demonstrated significant free radical scavenging activity (Table 3 ). At the highest tested concentration (2 mg/mL), the extract was able to scavenge 27.24 ± 1.91% of DPPH radicals and 27.87 ± 2.19% ABTS radicals. MUSC 136 T exhibited superoxide dismutase (SOD)-like activity as high as 68.27 ± 3.67% when tested at 2 mg/mL. Furthermore, the metal chelating activity (which ranged from 10.22-37.01% depending on concentration of extract) exhibited by MUSC 136
T further emphasizes its antioxidative potential by means of preventing transition metals from enhancing the generation of reactive oxygen species.
Cytotoxic activity of MUSC 136
T extract. The cytotoxic potential of MUSC 136
T extract was tested against several human derived cancer cells (HCT-116, HT-29, Ca Ski and A549). The extract was found to be most toxic against HCT-116 with cell viability at 48.8 ± 4.1% when tested at 400 μg/mL (Fig. 3a) . Additionally, a dose dependent effect was also observed when it was tested against HCT-116 cells. Second to HCT-116 cells, the cervical cancer cell line, Ca Ski showed decreased in cell viability to 55.6 ± 1.2% after treatment with MUSC 136 T extract (Fig. 3b) . On the other hand, lung cancer cell line, A549 was found to be least sensitive to the extract treatment with cell viability at 67.1 ± 0.6% (Fig. 3c) . Interestingly, differing levels of activity were seen among the colon cancer cells (HCT-116, Fig. 3a and HT-29, Fig. 3d ) with a higher cytotoxic effect against HCT-116 cells.
Morphological changes associated with apoptosis induced by MUSC 136
T extract. In order to visualize morphological changes in response to MUSC 136 T extract, HCT-116 cells were observed using phase contrast microscopy. 
Measurement of intracellular glutathione (GSH) level and p53 protein expression following MUSC 136
T treatment on HCT-116 cells. MUSC 136 T extract has caused a significant increase in number of cells experiencing in intracellular GSH depletion as seen in Fig. 4 (a). The treatment of extract at the concentration of 400 μg/mL resulted in higher proportion of cells (44.11 ± 6.21%) undergoing GSH depletion as compared to control.
The p53 protein in HCT-116 cells was measured with flow cytometry at four time points after treated with MUSC 136
T extract (1.5, 3, 12, 24 hour); a significant increase was observed at 3 and 24 hour as compared to control (Fig. 4(b) ). Overall, the p53 expression was found to be increasing 3 hour after MUSC 136 T extract treatment up to 12 hour as no significant changes was observed later when measured at 24 hour.
GC-MC analysis of MUSC 136
T extract. GC-MS analysis revealed nine constituents of MUSC 136 T (Table 4) with the chemical structures (See Supplementary Fig. S4 ) Isomeric dihydro-methyl-furanone (1), (7), Pentadecanoic acid, 14-methyl-, methyl ester (8) and Deferoxamine (9) .
Discussion
Cancer initiation and progression has been linked to oxidative stress where elevated amounts of free radicals are observed 22 . The accumulation or uncontrolled production of free radicals causes negative effects on critical cellular macromolecules such as membrane lipids, proteins and DNA. Free radical induced DNA mutations are known to increase cancer risk. Antioxidants play an important role in preventing the deleterious effects of free radicals in biological systems. In fact, they are also considered as one of the most promising cytotoxic agents against various human cancers. Continuous efforts have been directed at the search for more effective antioxidants from natural resources which could be developed into new therapeutic drugs 23 . Streptomyces species are prolific producers of bioactive metabolites with various biological activities, representing one of the most extensively studied microbial genus for novel drugs 9, 15, 17 . In the current study, the polyphasic approach revealed that strain MUSC 136
T merits assignment to a novel species in the genus Streptomyces. Thus, an attempt was made to explore the antioxidant potential of this novel strain utilizing DPPH, ABTS, metal chelating and superoxide anion scavenging assays. Our results revealed significant antioxidant potential of MUSC 136 T extract, which implies that the strain may produce bioactive secondary metabolites that could potentially reduce cancer risk and form the basis for further development as chemopreventive drugs.
Carcinogenesis is a multi-step process, involving activation of oncogenes and inactivation of tumor suppressor genes along with other complex interactions between host and tumor cells. p53 as a tumor suppressor protein has been studied extensively as a promising target for cancer treatment due to its involvement in cancer initiation and progression 24, 25 . It is known to be involved in inducing growth arrest or apoptosis upon activation; dysfunction in the gene responsible for this tumor suppressor protein might result in unregulated cell division -a scenario which is commonly seen in cancer cells with mutated p53 genes such as colon cancer cell line HT-29. The current results revealed differing susceptibility of two colon cell lines, HCT-116 and HT-29 towards MUSC 136 T extract which could be due to the status of its tumor suppressor protein p53 26, 27 . In view of this, the effect of MUSC 136 T extract on p53 tumor suppressor protein in HCT-116 was examined. The experiment demonstrated that the treatment of MUSC 136
T extract caused an increase in p53 protein expression in HCT-116 which may lead to the induction of apoptosis in this particular cell line. This prompted further analysis using morphological analysis. In brief, HCT-116 cells treated with MUSC 136 T extract exhibited morphological alterations associated with cell death including presence of shrunken cells and detached from the surface. Apart from morphological studies, intracellular glutathione (GSH) content was also evaluated as this ubiquitous non-protein thiol is essential for cell survival. Interestingly, the HCT-116 cells treated with the extract resulted in a decrease in intracellular GSH content. Since a decline in this molecule is known to trigger apoptotic signaling cascades particularly through activation of p53 signaling pathway, we postulate that it might potentially trigger the activation of p53-dependent apoptosis pathways 28 . However, further mechanistic studies on p53 associated cell death pathway would be needed to improve the understanding of the action target of MUSC 136 T extract. Results from both antioxidant assays and in vitro cytotoxic screening suggest the presence of potent antioxidant(s) and anticancer agent(s) in the extract of MUSC 136 T , thus chemical analysis using GC-MS was performed in order to provide clues as to their identities. This powerful analytical technique, which incorporates the separation power of gas chromatography and detection power of mass spectrometer has been widely used to identify the components of a mixture, including extracts of Streptomyces species 29, 30 . In the current study, GC-MS detected nine compounds in the extract of MUSC 136 T , with the majority of the compounds having been previously detected in marine-derived microorganisms including Streptomyces species 7, 17, 31, 32 . Pyrrolizidines, as natural occurring complex heterocyclic compounds, are known to exhibit a wide spectrum of bioactivity which includes antimicrobial, anticancer and antioxidant activity 9, 31 . Two pyrrolizidines were identified in MUSC 136 T extract, 1,4-diaza-2,5-dioxobicyclo[4.3.0]nonane (5) and pyrrolo[1,2-a] pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)-(7). Interestingly, compound (7), which was recently identified in Streptomyces cavouresis KU-V39 was associated with cytotoxic activity of human cervical cancer 32 .The compound pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)-(7), either alone or in combination with other compounds may be responsible for the cytotoxic activity observed in MUSC 136 T extract. On the other hand, 1,4-diaza-2,5-dioxobicyclo[4.3.0]nonane (5) as a naturally occurring marine microbederived compound has been studied extensively for its antioxidant activity 17, 33 . It was proven to be highly capable of scavenging or reducing the amount of free radicals when assessed with reducing power assay. It is postulated that the scavenging activity observed in MUSC 136
T extract could be due to the presence of 1,4-diaza-2,5-d ioxobicyclo , deferoxamine or Desferal (prescription name) has been used extensively as an iron chelator particularly in protection against iron-induced oxidative stress 38, 39 . Apart from its antioxidant activity, deferoxamine has been shown to be cytotoxic to a number of human cancer cells and tumors, mainly by altering signaling pathways which are crucial for cell proliferation 40, 41 .
The presence of these biologically active compounds in MUSC 136
T may account for the observed reducing power in antioxidant assays as well as its cytotoxic activity in the various cancer cells. Principally, by inhibiting oxidative stress induced mutagenesis and signaling cascades these compounds might prevent or treat cancer. The results obtained in the current study demonstrate that MUSC 136 T extract has tremendous potential for development of cancer preventive agent, meriting further downstream mechanistic studies. adj. malaysiense belonging/pertaining to Malaysia, the source of the soil from which the organism was isolated).
Description of
Cells stain Gram-positive and form yellowish white aerial and pale yellow substrate mycelium on ISP 2 medium. The colors of the aerial and substrate mycelium are media-dependent (See Supplementary Table S1 ).
Grows well on ISP 2, ISP 5, ISP 6, ISP 7 agar, actinomycetes isolation agar, nutrient agar and starch casein agar after 7-14 days at 28 °C; grows moderately on Streptomyces agar and ISP 3 agar, and does not grow on ISP 4 agar. Grows at 26-40 °C (optimum 28-32 °C), pH 6.0-7.0 (optimum pH 7.0), with 0-6% NaCl tolerance (optimum 0-2%). Cells are positive for catalase but negative for hemolytic activity and melanoid pigment production. 
Materials and Methods
Isolation and maintenance of isolate. Strain MUSC 136 T was isolated from a soil sample collected at site MUSC-TLS3 (3° 48′ 11.1″ N 103 ° 26′ 6.9″ E), located in the mangrove forest of Tanjung Lumpur in the state of Pahang, Peninsular Malaysia in December 2012. Topsoil samples of the upper 20 cm layer (after removing the top 2-3 cm) were collected and sampled into sterile plastic bags using an aseptic metal trowel, and stored at − 20 °C. Air-dried soil samples were ground with a mortar and pestle followed by selective pretreatment using wet heat in sterilized water 16 . The pretreated air-dried soil (5 g) in 45 mL sterilized water was spread onto the isolation medium ISP 2 supplemented with cycloheximide (25 μg/mL) and nystatin (10 μg/mL), and incubated at 28 °C for 14 days. Pure cultures of strain MUSC 136
T were isolated and maintained on ISP 2 medium slants at 28 °C and preserved as glycerol suspensions (20%, v/v) at −20 °C.
Genomic and phylogenetic analyses. DNA extraction for PCR was performed as described previously 12 while 16S rRNA gene was amplified as described by Lee et al. 15 . The 16S rRNA gene sequence of strain MUSC 136 T was aligned with representative sequences of related type strains of the genus Streptomyces retrieved from the GenBank/EMBL/DDBJ databases. Phylogenetic trees were constructed with the neighbour-joining (Fig. 2) and maximum-likelihood algorithms (See Supplementary Fig. S1 ). Evolutionary distances for the neighbour-joining algorithm were computed using Kimura's two-parameter model 42 . The EzTaxon-e server (http://eztaxon-e.ezbiocloud.net/) was used for calculations of sequence similarity 43 . BOX-PCR fingerprint analysis and DDH were performed as previously described 44, 45 . 
Phenotypic characteristics. Cultural characteristics of strain MUSC 136
T were determined following growth on ISP 2, ISP 3, ISP 4, ISP 5, ISP 6 and ISP 7 agar, actinomycetes isolation agar (AIA), Streptomyces agar (SA), starch casein agar (SCA) and nutrient agar for 14 days at 28 °C. Light microscopy (80i, Nikon) and scanning electron microscopy (JEOL-JSM 6400) were used to observe the morphology of the strain after incubation on ISP 2 medium at 28 °C for 7-14 days. The designation of colony color was determined using the ISCC-NBS color charts while gram staining performed by standard Gram reaction and confirmed by KOH lysis [15] [16] [17] . The effects of pH and salinity on growth of MUSC 136
T were evaluated in tryptic soy broth (TSB), while effects of temperature were studied in ISP 2 agar 15 . Production of melanoid pigments were examined using ISP 7 agar while its hemolytic activity was assessed on blood agar medium containing 5% (w/v) peptone, 3% (w/v) yeast extract, 5% (w/v) NaCl and 5% (v/v) horse blood after incubation at 32 °C for 7-14 days 16 . Amylolytic, cellulase, chitinase, lipase, protease, xylanase and catalase activities were determined on ISP 2 following protocols described by Lee et al. 47 . Antibiotic susceptibility tests were performed by the disc diffusion method as described by Shieh et al. 48 Carbon-source utilization and chemical sensitivity assays were determined using Biolog GenIII MicroPlates (Biolog, USA) according to the manufacturer's instructions. All phenotypic assays mentioned above were performed concurrently for strains MUSC 136 Chemotaxonomic characteristics. The analyses of peptidoglycan amino acid composition and sugars of strain MUSC 136 T were carried out by the Identification Service of the DSMZ [15] [16] [17] . Analysis of respiratory quinones, polar lipids and fatty acids were carried out by the Identification Service of the DSMZ. Major diagnostic cell wall sugars of strain MUSC 136 T were obtained as described by Whiton et al. 49 and analyzed by TLC on cellulose plates 50 .
Extract preparation of MUSC 136
T . MUSC 136 T was grown in TSB as seed medium for 14 days prior to fermentation process. The fermentation medium, FM3 was autoclaved at 121 °C for 15 min prior to experiment 12, 51 . Fermentation was carried out in 200 mL FM3, shaking at 200 rpm for 7-10 days at 28 °C, inoculated with 200 μL seed media 16, 17 . The resulting FM3 medium was recovered by centrifugation at 12000 g for 15 min. The supernatant was filtered and subjected to freeze drying process. The freeze-dried sample was extracted with methanol and the final extract concentrated by rotary evaporator at 40 °C. The final concentrate was suspended in DMSO prior to bioactivity screening assays. Evaluation of antioxidant activity using different assays. 2,2-diphenyl-1-picrylhydrazyl (DPPH) was used to examine antioxidant activity by measuring its hydrogen donating or radical scavenging ability. Scavenging activity against DPPH free radicals by MUSC 136 T extract was determined using previously described protocol 17, 52 . The reduction in radical content was measured by the decrease in the absorbance at 515 nm. 2,2′ -azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay was performed as previously described in published literature with some modifications 53 . ABTS radical cation (ABTS•) was generated by reacting ABTS stock solution (7 mM) and potassium persulphate (2.45 mM) for 24 hour prior to assay. The change in radical amount was indicated by decrease in absorbance at 743 nm. Superoxide anion scavenging activity was determined using commercially available colorimetric microtiter plate method (19160 SOD Assay Kit-WST, Sigma Aldrich) according to manufacturer's protocol. Metal chelating activity was determined by measuring formation of Fe 2+ -ferrozine complex as previously described by Manivasagan et al. with slight modification 54 . 2 mM of FeSO 4 was added to extract and the reaction was initiated by adding 5 mM of ferrozine before measuring at 562 nm using spectrophotometer.
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Cell lines maintenance and growth condition. All human derived cancer cell lines used in the study were maintained in RPMi 1640 supplemented with 10% FBS in a humidified incubator (5% CO 2 in air at 37 °C) 55 . The cancer cell lines included were cervical cancer cell, Ca Ski; colon cancer cell, HCT-116 and HT-29; lung carcinoma cell line, A549.
Cytotoxicity activity determination using 3-(4,5-dimethylthazol-2yl)-2,5-diphenyl tetrazoliumbromide (MTT) assay. The cytotoxic activity of MUSC 136 T extract was investigated using 3-(4,5-dimethylthazol-2yl)-2,5-diphenyl tetrazolium-bromide (MTT) assay according to previously established method 18 . The determination of cell viability was performed using a microplate reader at 570 nm (with 650 nm as reference wavelength).
Measurement of intracellular GSH content. Intracellular GSH content was measured using CellMetrix ™ Intracellular GSH Assay Kit according to manufacturer's protocol. Cells were seeded in 6-well dishes at density of 3 × 10 5 and allowed to adhere overnight. Subsequently, the cells were treated with MUSC 136 T extract. After the incubation period, cells were harvested and stained prior to analysis using BD FACSVerse TM flow cytometer.
Measurement of p53 protein.
The status of p53 protein was investigated with flow cytometry system as described by Goh et al. with slight modification 24 . Cells were seeded in 6-well dishes at density of 3 × 10 5 and allowed to adhere overnight before treated with MUSC 136 T extract. After the incubation period, cells were then washed twice with PBS, fixed with 4% paraformaldehyde with 0.5% sodium azide before permeabilized with Perm/Wash ™ buffer (BD Biosciences). For detection of p53, the cells were incubated with 100 μL of Perm/Wash ™ buffer containing mouse anti-human p53 monoclonal IgG 1 or IgG 1 isotype control. After washing procedure, the cells were further incubated with FITC-conjugated goat anti-mouse IgG 1 at 4 °C in the dark for 30 min. Finally, the cells were then washed with Perm/Wash ™ buffer before analysis by using BD FACSVerse TM flow cytometer.
Gas chromatography-mass spectrometry (GC-MS) analysis. GC-MS analysis was performed as previously described 17 . Analysis of MUSC 136 T extract was performed on an Agilent Technologies 6980N (GC) equipped with 5979 Mass Selective Detector (MS) using a HP-5MS (5% phenyl methyl siloxane) capillary column of dimensions 30.0 m × 250 μm × 0.25 μm and helium as carrier gas at 1 mL/min. The column temperature was programmed initially at 40 °C for 10 min, followed by an increase of 3 °C/min to 250 °C and was kept isothermally for 5 min. The MS was operating at 70 eV. The constituents were identified by comparison of their mass spectral data with those from NIST 05 Spectral Library.
Statistical analysis.
Experiments to investigate antioxidant and cytotoxic activities were done in quadruplicate while measurement of p53 and GSH using flow cytometry in triplicate. Data analysis was performed with SPSS statistical analysis software and the results were expressed as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) followed by the appropriate post hoc test (Tukey) was used to establish whether significant differences existed between groups. A difference was considered statistically significant when p ≤ 0.05.
